Abstract The ozonation of MIB and geosmin was studied in synthetic waters containing two natural organic material (NOM) fractions and sodium bicarbonate. The ozonation of both compounds was found to be affected by the character of the NOM fractions, with higher apparent rate constants observed in the fraction containing higher UV/visible absorbing properties. As the concentration of bicarbonate was increased, the destruction of both compounds decreased. MIB was found to be more resistant to ozonation than geosmin.
Introduction

2-methylisoborneol (MIB) and geosmin (
) are two compounds which cause earthy/musty tastes and odours in drinking water. Both compounds are produced as secondary metabolites by several species of cyanobacteria and actinomycetes. They can be detected by humans at very low concentrations. The threshold concentrations for MIB and geosmin have been reported to be 8.5 and 4.0 ng/L, respectively (Pirbazari et al., 1993) . Neither compound is efficiently removed by conventional water treatment processes, thus alternative treatment methods are required. In recent times, ozone (O 3 ) treatment has shown to be promising for their destruction.
When O 3 is added to water it can react either directly with dissolved substances or indirectly via secondary oxidants such as hydroxyl (OH) radicals. In organic free water, O 3 can decompose by the reaction with hydroxide ions (Staehelin and Hoigne, 1982) :
Where ·HO 2 ↔ H + + ·O 2 -(pK a = 4.8)
O 3 + ·O 2 -+ H 2 O → ·OH + OH -+ 2O 2 (3)
The reaction of O 3 and hydroxide ion (OH -) yields the superoxide radical (·O 2 -) and the hydroperoxyl radical (·HO 2 ) (1). However, when the pH = 4.8, ·HO 2 and ·O 2 -are in an acidbase equilibrium (2). O 3 is then decomposed by the attack of ·O 2 -which results in the production of the hydroxyl radical (·OH) (3). The decomposition cycle can continue by the reaction of O 3 with ·OH (4). Therefore, the higher the concentration of OH -, the higher the concentration of OH radicals.
There are many substances in natural waters that are able to initiate the formation of OH radicals including dissolved iron, hydrogen peroxide and natural organic material (NOM) (Glaze et al., 1990) . NOM can act as a promoter of OH radicals by decomposing O 3 (Glaze et al., 1990) . However, it can also act to consume OH radicals.
Alkalinity can affect the ozonation process. Although carbonate and bicarbonate ions do not react with O 3 , they are known scavengers of OH radicals (Hoigne and Bader, 1976) :
Therefore, due to (5) and (6), both carbonate and bicarbonate ions scavenge OH radicals, stabilising O 3 . As MIB and geosmin are considered to be susceptible to attack by OH radicals, this would ultimately lead to a reduction in the efficiency of the destruction of both compounds.
There is an extensive amount of kinetic data relating to the ozonation of organic substances in water (Staehelin and Hoigne, 1985; Haag and Yao, 1992) . However, little has been published with respect to the ozonation of MIB and geosmin, in particular, determination of their decomposition rate constants. Morioka et al. (1993) documented that MIB and geosmin decomposition followed first order kinetics, however, they were unable to quote specific rate constants for either compound.
In this study, the ozonation of MIB and geosmin was investigated in synthetic waters composed of two well characterised NOM fractions and sodium bicarbonate, to simulate alkalinity. Apparent decomposition rate constants were determined for both MIB and geosmin. The decomposition of O 3 was also studied in the presence of the two NOM fractions and sodium bicarbonate.
Methods
Materials and reagents
All reagents used were analytical or HPLC grade. Solutions were made using Milli-Q water (Millipore Pty Ltd). Stock solutions of MIB and geosmin (Ultrafine Chemicals) were prepared by dissolving in Milli-Q water.
Hydrophobic (HPO) NOM fractions were isolated from two French surface waters, the Blavet River and the Seine River, using the XAD 8 resin adsorption protocol described by . Because of its low dissolved organic carbon (DOC) concentration, water from the Seine River was preconcentrated using reverse osmosis after softening on Na + -ion exchange resin. The NOM adsorbed onto the XAD 8 resin at acidic pH was desorbed using 0.1 mol l -1 NaOH for the Blavet River (B-HPO) or a mixture of acetonitrile (75%) and water (25%) for the Seine River (S-HPO).
Synthetic waters were prepared by adding known concentrations of the NOM fractions (expressed as DOC) in Milli-Q water containing 0.01 mol l -1 NaCl to maintain the ionic strength of the water. The pH was stabilised with a phosphate buffer (1 × 10 -3 mol l -1 ). Sodium bicarbonate was added into the synthetic waters at concentrations of 50 and 200 mg/L as CaCO 3 equivalents to simulate alkalinity.
Ozonation experiments O 3 was prepared by feeding high grade oxygen into an Ozonia CFS-1A O 3 generator. The O 3 stock solution was prepared by continuously bubbling O 3 gas into a 1 L glass batch reactor containing Milli-Q water at 4°C. O 3 stock solution and residual concentrations were measured using the Indigo Colorimetric Method (Standard Methods, 1998). All ozonation experiments were conducted at 20 ± 2°C.
Ozone decomposition experiments were conducted as described in Ho et al. (2002) . An aliquot of the O 3 stock solution was added to a 500 mL glass batch reactor, equipped with a dispenser, containing the synthetic water sample, then agitated to ensure mixing. Aliquot samples were taken at various time intervals and dissolved O 3 concentrations were determined.
MIB and geosmin decomposition experiments were conducted as above except with the addition of both compounds at concentrations of 100 ng/L each. Samples taken for MIB and geosmin analyses were quenched with sodium thiosulphate (1.25 × 10 -4 mol l -1 ).
Experimental measurements of k
First order reactions. In natural waters O 3 decomposes in two stages, an initial rapid decomposition stage (30-120 seconds), followed by a slower secondary decomposition stage (Elovitz et al., 2000) . The initial decomposition stage is difficult to model as it is not possible to obtain enough kinetic data over such a limited time. This is in contrast to the secondary decomposition stage which follows first order kinetics:
Where [O 3 ] = O 3 concentration, t = reaction time and k = pseudo first order rate constant. The rate constant, k, can be determined from an experimental plot of ln [O 3 ] versus t, where a straight line confirms that the decomposition follows a first order reaction. The slope of the straight line is equal to -k.
Analytical methods
UV/visible absorbance and O 3 residual measurements were carried out on a GBC UV/VIS 918 Spectrophotometer. Measurements of pH were conducted on a Beckman PHI 50 pH Meter. High performance size exclusion chromatography (HPSEC) analyses were conducted based on the method of Chin et al. (1994) . Solid state 13 C-NMR spectra were obtained using a 200 MHz Chemagnetics CMX spectrometer with a 7.5 mm diameter probe. DOC was measured on a Sievers 820 Total Organic Carbon Analyser. Specific UV absorbance (SUVA) was calculated as follows:
MIB and geosmin analyses were conducted based on the method of Graham and Hayes (1998) . Samples were concentrated using a solid phase microextraction syringe fibre (Supelco) and analysed on a Hewlett Packard 5890 Series II Gas Chromatograph with Hewlett Packard 5971 Series Mass Selective Detector against quantified labelled internal standards (Ultrafine Chemicals).
Results and discussion Characterization of NOM fractions UV/visible absorbance and HPSEC. The B-HPO fraction displayed higher UV/visible absorbing properties and molecular weight (MW) than the S-HPO fraction as shown by the higher SUVA, weight-averaged molecular weight (M w ) and number-averaged molecular weight (M n ) ( Table 1) . This is consistent with previous studies which showed a good correlation between SUVA and Mn (Newcombe et al., 1997; Westerhoff et al., 1999) .
Solid state 13 C-NMR. The S-HPO fraction contained a higher percentage of alkyl and Oalkyl carbons than the B-HPO fraction according to the resonances at 0-60 ppm and 60-110 ppm (Table 2 ). In contrast, the resonances at 110-160 ppm indicate that the B-HPO fraction contained a higher percentage of aromatic carbons than the S-HPO fraction.
Decomposition of ozone in the synthetic waters
Solutions of the NOM fractions were spiked with sodium bicarbonate at concentrations of 50 and 200 mg/L as CaCO 3 and ozonated. Parallel experiments were conducted in the absence of sodium bicarbonate. Figure 2 shows the effect of bicarbonate on the decomposition of O 3 in both NOM fractions.
The initial O 3 decomposition stage was not modelled due to rapid decomposition. However, the amount of O 3 decomposed in the first 50 seconds for each NOM fraction under the three conditions was determined and presented in Table 3 . Secondary stage first order rate constants were calculated for both NOM fractions (Table 3 ). The results indicate that O 3 remained more stable with increasing concentration of bicarbonate. For example, in the B-HPO fraction, a bicarbonate concentration of 200 mg/L as CaCO 3 yielded a rate constant of 4.7 × 10 -3 s -1 compared with a rate constant of 56.3 × 10 -3 s -1 in the absence of bicarbonate.
Higher O 3 decomposition rate constants were observed with the B-HPO fraction compared with the S-HPO fraction at all times. This is due to the character of the NOM fractions as NOM of higher SUVA, aromaticity and MW are generally more reactive with O 3 (Westerhoff et al., 1999; .
O 3 exposures or CTs (where CT is the O 3 concentration, C acting during a reaction time, T) of both NOM fractions were calculated from the integrals of the O 3 decomposition curves in Figure 2 (results not shown). Higher CTs were observed for the S-HPO fraction at all times compared with the B-HPO fraction, in agreement with the results seen with the secondary stage first order rate constants. This is due to the greater stability of O 3 in the S-HPO fraction. Effect of alkalinity and NOM on the ozonation of MIB and geosmin MIB and geosmin were ozonated in synthetic waters containing the NOM fractions and various concentrations of sodium bicarbonate. Results are shown in Figure 3 . Apparent decomposition rate constants for MIB and geosmin are presented in Table 4 . As the concentration of sodium bicarbonate increased, the destruction of MIB and geosmin decreased. The destruction of both MIB and geosmin has been presumed to be predominantly through the OH radical, thus the results support this theory as bicarbonate ions act to scavenge the OH radical, reducing the destruction of both compounds (Duguet et al., 1990) . Geosmin was found to be more amenable to destruction by O 3 than MIB in both NOM fractions as seen with the higher apparent rate constants. This may be due to the structural configurations of both compounds where greater steric hindrance is evident in the structure of MIB (Figure 1 ).
Higher MIB and geosmin decomposition rate constants were observed in the B-HPO fraction compared with the S-HPO fraction under all three conditions. As a general trend, NOM fractions enriched in aromatic moieties have been shown to promote higher production of OH radicals (Croué et al., 1998) . This has also been documented in a previous study which showed greater MIB and geosmin destruction in NOM fractions containing higher UV/visible absorbing properties (Ho et al., 2002) .
Conclusions
The NOM character had a significant effect on the decomposition of O 3 and consequently the ozonation of MIB and geosmin. The addition of bicarbonate stabilised O 3 and thus reduced the destruction of MIB and geosmin. As the concentration of bicarbonate was increased, the O 3 decomposition rate constants decreased. Similarly, the apparent MIB and geosmin decomposition rate constants decreased when the bicarbonate concentration was increased. These results support the theory that the destruction of MIB and geosmin is primarily through the OH radical. MIB was found to be more resistant to ozonation than geosmin. nd -not determined due to instantaneous MIB and geosmin destruction
